ABSTRACT: Total body, head, and trunk carbon monoxide (CO) excretion rates were measured separately by gas chromatography in 1-to 7-d-old Wistar rat pups exposed to the dark and to mixed blue (one Special Blue-F20T12/BB) and white (two Cool White-F20T12/CW) fluorescent light or blue light emitting diode (LED) sources. During 48-min cycled exposures to the dark and to either light source, total body CO excretion rapidly increased 1.9-and 1.4-fold, respectively, over dark control levels. When CO excretion rates from the head and trunk were measured separately during exposure to either light source, CO excretion from the head did not change significantly; however, a large mean 4.4-fold increase in CO excretion from the trunk was observed. When light intensity delivered by the blue LED source was varied, we found that trunk CO excretion increased with increasing light intensities. In the presence of riboflavin (10 mol/kg), total body CO excretion increased 2.8-and 2.1-fold during exposure to the mixed fluorescent light and blue LED sources, respectively. We conclude that light-induced elevations in total body CO excretion may be caused by transdermally excreted CO, which is most likely produced through endogenous photosensitizer-mediated photooxidation of dermal biomolecules. 
P
hototherapy has been considered safe and efficacious for treatment of neonatal jaundice and protection against bilirubin-related neurodevelopmental impairment (1) . In a recent randomized controlled trial investigating the use of aggressive vs. conservative phototherapy for infants with extremely lowbirth weight (ELBW, Յ1500 g) (2), efficacy was affirmed, but a question was raised regarding the safety of phototherapy for the smallest babies (501-750 g), who tended to have a higher mortality rate when treated with aggressive phototherapy. This observed increase in the rate of death for the smallest infants was also supported by a Bayesian analysis, and echoed findings published in 1985 (3), suggesting a relative risk of death of 1.49 (95% CI, 0.93-2.40) for infants with birth weights below 1000 g treated with phototherapy using daylight fluorescent lights. However, neither of these studies showed statistical significance for this potentially worrisome finding of a serious side effect of light, which may have an apparent predilection for the most immature and translucent subjects.
Nonetheless, there is biologic rationale for these findings, as the smallest infants are likely to be the most deficient in antioxidant defense and the most easily penetrated by light, which could promote harmful photochemical reactions (4 -6) . Ironically, light also reduces bilirubin levels, thereby further diminishing this source of endogenous defense against oxidation from other causes such as lipid peroxidation (7) .
We have shown previously that carbon monoxide (CO) is a significant product of photooxidation (8) and lipid peroxidation (9) , and its production can be used as an index of these processes. In this study, we measured in vivo CO excretion rates, as an index of oxidation, in physically isolated body sections of Wistar rat pups exposed to a blue/white fluorescent or a blue light emitting diode (LED) light source and at different irradiances. CO excretion from the head was assumed to represent the sum of pulmonary and dermal CO excretion; whereas, CO excretion from the trunk was assumed to represent primarily dermal CO excretion. Comparison of CO excretion in the dark vs. light served as an index of possible photooxidation processes most likely occurring in the upper layers of the skin.
MATERIALS AND METHODS

Animals.
Thirty-to 60-h old Wistar rat pups, averaging 6.5 Ϯ 0.6 g (Simonsen Laboratories, Gilroy, CA) were used for all studies. The pups were housed with their mother in a temperature-controlled room and kept under subdued light since birth. The mothers received food and water ad libitum. Animal handling, maintenance, and procedures were approved by the Institutional Animal Care and Use Committee at Stanford University.
Light sources. Blue LEDs (NSPB-500S, 5 mm, 462 nm; Nichia Chemical Industries Ltd., Anan, Japan) and a combination of fluorescent tubes (one special blue, F20T12/BB, Philips, The Netherlands, and two cool white, F20T12/CW, Sylvania, Columbus, OH) were used as light sources. The latter combination (BB/CW) was chosen to mimic the common practice at Lucile Salter Packard Children's Hospital to use alternating blue and white fluorescent lights to deliver phototherapy when blue LED devices are not available. Some spectral characteristics are summarized in Table 1 .
CO production measurements. CO excretion [L CO/h/kg body weight, (BW)] was measured by gas chromatography using a Reduction Gas Analyzer (RGA-3; Ametek Process Instruments, Newark, DE) as previously described (8) . For this study, 17-mL (55 ϫ 20 mm inner diameter) acrylic chambers (10) were adapted (Fig. 1A) to allow separate quantification of CO excretion from the total body, head only, and trunk only (Fig. 1B) . All experiments were performed in a darkened lab and under temperaturecontrolled (27 Ϯ 1°C) conditions. Light exposure studies. Pups were randomly selected and placed into the modified chambers and then maximally (360°) exposed to fluorescent tube light delivered by one BB plus two CW tubes ( Fig. 2A) at an irradiance of 70 W/cm 2 /nm or to a blue LED source containing 40 LEDs evenly arranged in eight strips of five bulbs placed around the circumference of the chamber (Fig.  2B ) and operated at up to 24 VDC and 0.43 A as previously described (10) affording us the ability to adjust and deliver irradiances of 25, 50, and 100 W/cm 2 /nm. Control pups were housed in identical chambers and kept in the dark for the same time period. Each chamber was supplied with air at a flow rate of 20 mL/min and kept at ambient temperature (27 Ϯ 1°C) with the use of fans and monitored continuously.
Light intensity (irradiance) was measured using the Joey Dosimeter (Fiberoptic Medical Products, Inc., Allentown, PA) and reported in W/ cm 2 /nm. This instrument, which is frequently used in hospitals, measures irradiance of the light only within a 420 -550 nm wavelength range with a peak at 470 nm (6) .
Effect of riboflavin. To test whether the presence of a photosensitizer, such as riboflavin, could exacerbate the light-mediated CO excretion, pups were given 10 mol/kg BW of riboflavin (vitamin B2; Sigma-Aldrich Chemical Co., St. Louis, MO) i.p. and then reexposed to fluorescent or blue LED light source at an irradiances of 70 W/cm 2 /nm for 60 min as described earlier.
Calculations and statistics. The data are presented as mean Ϯ SD. Measured CO excretion in light is calculated as a percentage (%) of measured CO excretion in the dark as follows:
Statistical differences in % of CO dark between exposures to both light sources were determined by unpaired t tests and deemed significant when p Յ 0.05.
RESULTS
Time course. During the 48-min cycled exposures to the dark and to either fluorescent light or a blue LED source at an irradiance of 70 W/cm 2 /nm total body CO excretion rapidly increased from 41.0 to 78.9 L of CO/h/kg BW (1.9-fold) and from 30.0 to 42.4 L of CO/h/kg BW (1.4-fold), respectively, over dark control levels (Fig. 2C) . Peak CO excretion rates were reached at approximately the same time (ϳ20 min) during exposure to each light source. When the light was turned off, initially CO excretion rates fell rapidly, but then tailed-off more slowly. In addition, no appreciable production of CO was observed in empty chambers under dark or light exposures.
Source of CO excretion and irradiance response. To determine whether pulmonary CO excretion was increased or if CO was also excreted from the skin, head (predominantly pulmonary), and trunk CO excretion rates were measured separately during exposures to each light source (Fig. 3) . Exposure to either light source did not increase significantly head CO excretion; however, total body and trunk excretion increased to an average of 1.5-fold (from 36.9 Ϯ 11.0 to 53.4 Ϯ 9.3 L CO excreted/h/kg BW) and 4.4-fold (from 3.5 Ϯ 1.9 to 15.5 Ϯ 4.6 L CO excreted/h/kg BW), respectively. Because we were able to adjust the light intensity delivered by blue LEDs, we performed an irradiance dose response at 25, 50, and 100 W/cm 2 /nm. We observed that at an irradiance of 100 W/cm 2 /nm, all body sections demonstrated significant increases in CO excretion rates. Trunk CO excretion was observed to proportionally increase with increasing light intensity (Fig. 3, right panel) .
Effect of riboflavin on CO excretion. Administration of riboflavin (10 mol/kg BW), an endogenous photosensitizer present in variable concentrations in the circulation of neonates, increased total body CO excretion rates from 27.0 to 74.8 L CO/h/kg BW (2.8-fold) and from 23.9 to 49.3 L of CO/h/kg BW (2.1-fold) over dark CO levels after exposures to the mixed blue/white fluorescent light or blue LED sources at 70 W/cm 2 /nm (Fig. 4) .
DISCUSSION
Phototherapy has been assumed to be safe for all infants despite a lack of experimental evidence in ELBW infants to support this assumption. As survival rates for such infants have improved over the years (11), more infants have been exposed to increasing intensities of light from a variety of sources, which deliver light at different wavelength ranges. Such exposure has been advocated for ELBW infants on a nearly universal basis because of the fear of bilirubin-induced neurotoxicity. Visible light can definitely penetrate tissue beyond the skin, as has been demonstrated for the purpose of imaging the brain (12) . Moreover, bilirubin in circulation or other tissues may serve as an antioxidant and its elimination or destruction could limit further an already compromised antioxidant defense in the ELBW infant. This scenario especially might be true in ELBW infants receiving phototherapy. The combination of photooxidation and lipid peroxidation from other causes, exacerbated by depletion of bilirubin in tissues in response to light, could place the ELBW infant at high-risk for light-induced injury, which needs to be considered in assessing the risk for bilirubin-induced injury. As suggested in the recent multicenter phototherapy trial (2), the balance of risk may differ depending upon the developmental vulnerabilities of the subjects, with the smaller, more translucent individuals demonstrating greater susceptibility to the effects of light. Although actual irradiances or the type of phototherapy devices used at each center was not stated this study, such effects could still be exacerbated by endogenous (e.g. riboflavin, porphyrins) or exogenous photosensitizers (13-15) (Vreman HJ et al. 2001 Effect of fluorescent-and LED blue light exposure on riboflavin-treated Gunn rat pups, In: PAS Annual Meeting; April 28- May 1, 2001 ; Baltimore, MD, Abstract 325A) or minimized by use of selective wavelengths of light such as that emitted by a blue LED source. Of course, bilirubin would not be the only target for photodegradation. We have observed that CO is generated from reduced NADPH in the presence of a photosensitizer after exposure to light (8) . Thus, the administration of photosensitizers with concomitant use of phototherapy would be worrisome, because of the many possible candidates for oxidation in the exposed tissues, such as skin, eyes, and brain, and a diminished antioxidant status or singlet oxygen-trapping mechanisms of tissues in immature organisms.
We have shown clearly that CO excretion as an index of oxidation, is increased in Wistar rat pups exposed to phototherapy, arising mainly from the skin. Light emitted from a blue LED source even at 100 W/cm 2 /nm (approximately two times that used clinically, see Ref. 6, Table 1 ), known to be effective in the photoisomerization of bilirubin, and in lowering circulating bilirubin levels, was the least photooxidizing, as evidenced by this methodology. Moreover, exposure to blue LED light at therapeutic ranges (50 W/cm 2 /nm or less) was not associated with an increase in CO production. Notably, fluorescent blue/white light at 70 W/cm 2 /nm (a dose twice of that used clinically) caused larger increases in CO Figure 3 . CO excretion as a function of light intensity. Total body, head, and trunk CO production were measured separately in pups exposed to the dark (f); fluorescent light at 70 W/cm 2 /nm [one special blue (BB) plus two cool white (CW), Ⅺ]; and blue LEDs at increasing irradiances (W/cm 2 /nm): 25 ( ), 50 ( ), and 100 ( ). Irradiance was measured using a Joey Dosimeter. Values are expressed as mean Ϯ SD fold change from CO excretion in the dark. Number of pups used in parentheses. *p Յ 0.05 compared with dark CO excretion rates for respective body section. excretion, suggesting that other parts of the light spectrum, besides the blue part, might be more penetrating, including the yellow-red range, and perhaps even more oxidizing. Because of the irradiance meter used in this study and others used clinically measure only the blue part of the spectrum, the dose of light outside the target range remains unmeasured, but obviously may not be inconsequential as was seen in this study. That we did not observe significant increases in breath CO excretion with light exposure does not necessarily exclude the possibility of significant photooxidation or lipid peroxidation in deeper tissues like the brain. In addition, we observed that exogenous riboflavin could even increase CO excretion during blue light exposure. Furthermore, the broad wavelength band of BB/CW fluorescent light combination, in contrast to a blue LED source, seems to activate riboflavin to a greater extent thereby generating more CO and may be because of its greater irradiance and mercury emission peaks. The predominant source of CO in breath is from the catabolism of heme, and even relatively large local increases in brain oxidation might be obscured by the large amounts of CO produced from total body heme catabolism. The binding of CO to local hemoproteins, combined with delayed diffusion out of tissues and into circulation, could have further blunted changes in breath CO, making it less reflective of total body CO production. Although lipid peroxidation in the liver and lungs has been associated with increased CO excretion in breath, the tissue oxidative injury has been massive [e.g. carbon tetrachloride poisoning (16)] or involved a large surface area [e.g. oxygen exposure in the lungs (17)], in the latter case directly contributing CO to alveolar gas. Thus, it is not surprising that the skin, a large surface area directly exposed to the oxidizing agent (in this case, light) contributed large amounts of CO into the collection chamber, and might serve as the "canary" for oxidative stress in the context of phototherapy. Further investigation in this regard seems warranted. Although these studies were performed on very tiny (6.5 g) animals and our observations may not be directly applicable to human infants, we do hypothesize that oxidation induced by light exposure even for a short time or exacerbated by the light-induced lowering of bilirubin in circulation and tissues could have detrimental effects. Perhaps, at low levels, bile pigments, such as bilirubin, are contributors to antioxidant defense and neuronal protection (18, 19) . Bilirubin prevents CO production from lipid peroxidation in vitro, potently inhibiting CO production by 50% at 4 M (9), which is well below the 3-6 mg/dL (51-103 M) total bilirubin concentration range for healthy newborns. No causal relationship has been established between light exposure and the increased rate of death in the ELBW infants between 500 and 750 g in the recently reported study (2) . Thus, the explanation for the increased rate of death among ELBW infants receiving aggressive phototherapy remains uncertain.
However, if it were decided that phototherapy needs to be used in the smallest babies (501-750 g), a device delivering narrow wavelength light, such as a blue LED source, would seem to be the prudent choice. Also, the search for nonphotosensitizing alternative pharmaceutical approaches to the management of neonatal jaundice in ELBW infants is still needed.
